Low-fat, high-carbohydrate (LF/HC) diets commonly elevate plasma triglyceride (TG) concentrations, but the kinetic mechanisms responsible for this effect remain uncertain. Subjects with low TG (normolipidemic [NL]) and those with moderately elevated TG (hypertriglyceridemic [HTG]) were studied on both a control and an LF/HC diet. We measured VLDL particle and TG transport rates, plasma nonesterified fatty acid (NEFA) flux, and sources of fatty acids used for the assembly of VLDL-TG. The LF/HC diet resulted in a 60% elevation in TG, a 37% reduction in VLDL-TG clearance, and an 18% reduction in whole-body fat oxidation, but no significant change in VLDL-apo B or VLDL-TG secretion rates. Significant elevations in fasting apo B-48 concentrations were observed on the LF/HC in HTG subjects. In both groups, fasting de novo lipogenesis was low regardless of diet. The NEFA pool contributed the great majority of fatty acids to VLDL-TG in NL subjects on both diets, whereas in HTG subjects, the contribution of NEFA was somewhat lower overall and was reduced further in individuals on the LF/HC diet. Between 13% and 29% of VLDL-TG fatty acids remained unaccounted for by the sum of de novo lipogenesis and plasma NEFA input in HTG subjects. We conclude that (a) whole-food LF/HC diets reduce VLDL-TG clearance and do not increase VLDL-TG secretion or de novo lipogenesis; (b) sources of fatty […] Article Find the latest version:
Introduction
Increases in fasting plasma triglyceride (TG) concentrations are commonly observed during the consumption of low-fat, high-carbohydrate (LF/HC) diets (1, 2) . Other serum lipid changes include reductions in HDL, LDL, and total cholesterol concentrations. The potential atherogenicity of carbohydrate-induced elevations in TG has been the subject of current debate (1) (2) (3) (4) (5) . Endogenous hypertriglyceridemia, which is observed in individuals on higher-fat diets, is associated with increased coronary heart disease risk (6) , but it is not known whether carbohydrate-induced and endogenous TG elevations share underlying kinetic mechanisms and therefore similar atherogenic risk.
Differences in lipoprotein dynamics between the 2 forms of hypertriglyceridemia might contribute differently to the risk for cardiovascular disease. In the fasting state, most plasma TGs are carried in VLDLs. Overproduction of VLDL particles might generate a higher flux of atherogenic particles to LDLs in the plasma or into the artery wall. By contrast, reduced clearance of VLDL-TG does not increase the flux of cholesterol into the plasma. Moreover, nonpharmacologic regimens, such as weight loss and exercise training, may increase TG clearance.
Synthesis of VLDL-TG, and particle assembly and secretion, have been the subjects of much in vitro research (7) (8) (9) (10) . Much of this work, however, has been performed in HepG2 cells, which exhibit defective TG mobilization (9, 10) . In humans, evidence has been presented for similar TG metabolism in the endogenous and carbohydrate-induced forms of hypertriglyceridemia. TG secretion rates are elevated in endogenous hypertriglyceridemia (11) (12) (13) (14) (15) , and some (12, (16) (17) (18) (19) , but not all (20, 21) , workers have reported high TG flux rates in subjects fed LF/HC diets. Nestel et al. (22) and Boberg et al. (23, 24) suggested, on the basis of indirect evidence, Low-fat, high-carbohydrate (LF/HC) diets commonly elevate plasma triglyceride (TG) concentrations, but the kinetic mechanisms responsible for this effect remain uncertain. Subjects with low TG (normolipidemic [NL] ) and those with moderately elevated TG (hypertriglyceridemic [HTG] ) were studied on both a control and an LF/HC diet. We measured VLDL particle and TG transport rates, plasma nonesterified fatty acid (NEFA) flux, and sources of fatty acids used for the assembly of VLDL-TG. The LF/HC diet resulted in a 60% elevation in TG, a 37% reduction in VLDL-TG clearance, and an 18% reduction in whole-body fat oxidation, but no significant change in VLDL-apo B or VLDL-TG secretion rates. Significant elevations in fasting apo B-48 concentrations were observed on the LF/HC in HTG subjects. In both groups, fasting de novo lipogenesis was low regardless of diet. The NEFA pool contributed the great majority of fatty acids to VLDL-TG in NL subjects on both diets, whereas in HTG subjects, the contribution of NEFA was somewhat lower overall and was reduced further in individuals on the LF/HC diet. Between 13% and 29% of VLDL-TG fatty acids remained unaccounted for by the sum of de novo lipogenesis and plasma NEFA input in HTG subjects. We conclude that (a) whole-food LF/HC diets reduce VLDL-TG clearance and do not increase VLDL-TG secretion or de novo lipogenesis; (b) sources of fatty acids for assembly of VLDL-TG differ between HTG and NL subjects and are further affected by diet composition; (c) the presence of chylomicron remnants in the fasting state on LF/HC diets may contribute to elevated TG levels by competing for VLDL-TG lipolysis and by providing a source of fatty acids for hepatic VLDL-TG synthesis; and (d) the assembly, production, and clearance of elevated plasma VLDL-TG in response to LF/HC diets therefore differ from those for elevated TG on higher-fat diets.
that the source of fatty acids supporting elevated TG synthesis on LF/HC diets may have been from de novo lipogenesis. If increases in dietary carbohydrate elevate de novo lipogenesis, this increase in fatty acid availability to the liver could drive hepatic TG overproduction.
Most previous studies examining the kinetic mechanisms of carbohydrate-induced hypertriglyceridemia have used either short-term (<10 days) feeding protocols (12, 13, 15) , liquid diets nearly devoid of fat (19, 25, 26) , or diets in which the carbohydrate was primarily in the form of simple sugars (12, 19, 27) . Such high-sugar or liquid-formula diets may be metabolized differently than whole-food, high-fiber, low-fat diets consumed normally. Furthermore, the contribution from de novo lipogenesis to fatty acids in TG had not been quantified reliably, owing to the lack of accurate methods to measure this process in humans (28) . Accordingly, the present study was designed to determine the metabolic and kinetic mechanisms underlying carbohydrate-induced elevations in TG in subjects consuming an isoenergetic diet that was composed of whole foods, rich in fiber and restricted in monosaccharides. Normolipidemic subjects and those with mildly elevated fasting TG levels were compared to determine whether these groups differed in their response to the LF/HC diet.
Methods
Human subjects. Volunteers were recruited by advertisement and gave written informed consent before enrolling in the study. The University of California-Berkeley and University of California-San Francisco Committees on Human Research approved the protocols. Subjects were eligible for inclusion in the study if their screening TG concentration was less than 100 mg/dL (normolipidemic [NL] ; n = 6), or was 100-200 mg/dL (hypertriglyceridemic [HTG] ; n = 5). We chose to study subjects with moderately elevated TG, on the basis of previous work (E.J. Parks, unpublished data; and ref. 29) showing that carbohydrateinduced elevations in TG tend to be more variable in individuals with higher TG concentrations (>250 mg/dL), whereas those with TG in this moderate range have a more reproducible response to LF/HC diets. TG values represented the average of at least 2 measurements, obtained approximately 2 weeks apart in subjects who had fasted 12 hours, were well hydrated, and had abstained from alcohol for at least 48 hours. All subjects were nonsmoking, healthy males who had normal liver enzyme concentrations and no history of medical disorders (liver disease, kidney disease, diabetes mellitus, etc.). One HTG subject had been on a hypolipidemic medication (niacin) previously; this subject's medication had been discontinued for 9 weeks before entry into the study. NL and HTG subjects did not differ in age (31 ± 7 and 37 ± 4 years, respectively; P = 0.25), but were significantly different in body weight (73.1 ± 6.9 and 87.3 ± 3.2 kg, respectively; P = 0.008), body mass index (BMI; 22.4 ± 1.3 and 27.6 ± 1.1 kg/m 2 , respectively; P = 0.008), and percentage of body fat (16.4 ± 3.3 and 26.5 ± 1.1%, respectively; P = 0.001).
Study design. Subjects consumed 2 isoenergetic diets: a control diet (35% fat) for 1 week, followed by an LF/HC (15% fat) diet for 5 weeks. The composition of the 2 diets is shown in Table 1 . Foods making up the control diet were chosen to be similar to those routinely consumed by the subjects ad libitum during screening. Ad libitum consumption was determined over a period of 2-6 weeks, by 3 methods: 3-day food records, food-frequency questionnaires, and diet history interviews. Only those subjects whose ad libitum dietary fat intake was 30-35% were enrolled in the study. Both screening and subject participation in the study were scheduled to avoid public holidays and personal events (birthdays, anniversaries, etc.). The LF/HC diet was designed to replace dietary fat with carbohydrate, while limiting the consumption of monosaccharides and sucrose. As typically occurs when fat intake is reduced using whole foods, the content of other dietary components (e.g., cholesterol, fiber, and saturated fat) also changed ( Table 1 ). Subjects were instructed to limit alcohol intake to 1 drink or less per week (equivalent to 12 oz of beer, 8 oz of wine, or 1 oz of hard liquor). For both diets, all meals, beverages, and snacks were prepared by the staff of the metabolic kitchen at the General Clinical Research Center (GCRC) of San Francisco General Hospital. Each subject reported to the GCRC 3-5 days per week to be interviewed by study staff, get weighed, and consume the main meal of the day. Food to be consumed until the next visit was packed and sent home with the subject for consumption as an outpatient. Subjects were instructed to consume all the study food and not to consume any other food during the 6-week study period. To ensure that metabolic changes on LF/HC diet were not confounded by weight loss, adjustments of dietary energy were made to maintain body weight within 1-2 kg of baseline. Frequent dietary interviews and inspection of returned food containers were used to assess subject compliance. Body composition was measured by bioelectric impedance analysis (model 1990B; Valhalla Scientific Inc., San Diego, California, USA), using calculations according to manufacturer's equations.
Infusion protocol. burg, Ohio, USA) or Cambridge Isotope Laboratory (Andover, Massachusetts, USA). Isotopic purity was greater than 98% for all tracers used. The subjects were admitted to the GCRC for 2 stable isotope infusion studies, one administered at the end of each diet phase. The infusion protocol is shown in Figure 1 . The evening meal on day 1 (at 1700 hours) reflected the diet composition of the current feeding phase; that is, a 35% fat meal was fed the night before infusion study no. 1, and a 15% fat meal was fed the night before infusion study no. 2. After dinner, the subjects remained fasted until the end of the infusion study (1700 hours on day 2). At 2200 hours on day 1, an intravenous line was placed in the antecubital vein of each arm; one intravenous line was for administration of isotopes, and the other was for drawing blood. At 2400 hours, an infusion was started that contained [1 (30) . Frequent blood samples were drawn between 0400 and 1700 hours on day 2. All blood was drawn into iced Vacutainers containing 1 mg/mL EDTA. Plasma was separated immediately by centrifugation (1,500 g for 20 minutes) at 4°C, kept on ice, and aliquoted for various analyses. Plasma samples for nonesterified fatty acid (NEFA) analysis were extracted with a 30:70 heptane/isopropanol mixture within 1 hour of the blood draw. An aliquot of plasma was also immediately deproteinized with perchloric acid (2:1, vol/vol) in preparation for isolation of glucose and glycerol by ion exchange chromatography as described previously (31) . Subjects rested, watched television, or read during the infusion tests. Non-energy-containing, noncaffeinated drinks (e.g., herbal tea, diet soda) were available upon request. Indirect calorimetry was performed for 30 minutes between 0800 and 0900 hours on day 2. A Deltatrac metabolic cart (Sensor Medix, Yorba Linda, California, USA) in the hooded mode was used. Analysis of metabolites. Analysis of plasma total, LDL and HDL cholesterol, TG, and apo A-I and B concentrations was performed by staff at the Lipoprotein Laboratory (Lawrence Berkeley National Laboratory, Berkeley, California, USA). Lipids were measured enzymatically on a Ciba-Corning Express Model 550 (Ciba Corning Diagnostics, Oberlin, Ohio, USA), and VLDL cholesterol was calculated by difference. Apolipoproteins were measured by maximal radial immunodiffusion (32) . Fasting apo B-48 and B-100 concentrations within the d < 1.006 g/mL fraction were measured by SDS-PAGE in the laboratory of R. Havel (University of California-San Francisco, San Francisco, California, USA) (33) . Concentrations of glucose in plasma samples and in the infusates were measured using a glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, Ohio, USA); plasma insulin concentrations were determined by RIA (Diagnostic Products Corp., Los Angeles, California, USA).
VLDL isolation and subfractionation. Within 24 hours of each infusion study, plasma samples were subjected to ultracentrifugation at 35,000 rpm for 25 minutes in a 50.3 rotor at 15°C (1.6 × 10 6 g) to separate chylomicrons (34); VLDL (d < 1.006 g/mL) was then isolated by ultracentrifugation for 20 hours in a 50.3 Beckman rotor (1.3 × 10 8 g at 12°C). The total VLDL sample from each time point was divided into 2 aliquots. The first aliquot of VLDL was used for isolation of lipoprotein TG by thin-layer chromatography (TLC). After scraping the TG band from the TLC plate, VLDL-TG fatty acids were transesterified to
Figure 1
Stable isotope infusion protocol. Subjects were admitted to the GCRC for a 24-hour isotope infusion study; protocol and calculations are described in the text.
fatty acid methyl esters, in preparation for gas chromatographic/mass spectrometric analysis (35) . The second aliquot of VLDL was subjected to an additional ultracentrifugation step to separate large, buoyant VLDL particles for isolation of apo B. This strategy was used to isolate VLDL that most closely represented particles newly secreted by the liver. The longer VLDL circulates, the more it undergoes remodeling in the plasma compartment (36); the resulting smaller particles have an altered composition and are more prevalent in the plasma of HTG subjects (36) . As described previously (37), total VLDL was dialyzed to d = 1.21 g/mL with 2 changes of dialysis buffer over a 2-day period, layered under a discontinuous gradient of salt solutions of 3 densities (1.02, 1.01, and 1.0 g/mL), and subjected to nonequilibrium density gradient ultracentrifugation in an SW41 swinging bucket rotor (Beckman Instruments, Palo Alto, California, USA) for 6 hours at 40,000 rpm and 17°C (1.8 × 10 6 g). The top 1 cm 3 , denoted large VLDL, was aspirated. Because the sample quantity was limited, large VLDLs were analyzed only for apo B-100 [5,5,5-2 H 3 ]leucine enrichment.
Isolation of metabolites and gas chromatographic/mass spectrometric analysis. All gas chromatography/mass spectrometry columns were fused silica and were purchased from J&W Scientific (Folsom, California, USA). Gas chromatography/mass spectrometry was performed using an HP-5971 instrument (Hewlett-Packard, Palo Alto, California, USA) in the selected-ion monitoring mode. Plasma NEFA, containing 100 nmol pentadecanoic acid (Sigma Chemical Co., St. Louis, Missouri, USA) as an internal standard, were isolated by TLC and transesterified to fatty acid methyl esters. Methyl esters of plasma NEFA and VLDL-TG fatty acids were separated on a DB225 gas chromatography column, and fatty acid composition was measured by flame ionization detection, as described previously (35) . The enrichment of [1,2,3,4-13 C 4 ]palmitate (monitoring m/z: 270, 271, 272, and 274) was assessed using electron impact ionization and a standard curve. Plasma glucose and free glycerol were isolated by ion exchange chromatography and derivatized with pyridine/acetic anhydride (38) . Glucose-pentaacetate was analyzed using a 60-m DB17 column under methane chemical ionization for the molecular ions (monitoring m/z: 331, 332, 333, and 337). Glycerol triacetate was analyzed using a DB225 column under chemical ionization (monitoring m/z: 159/160). Standard curves were used to assess the enrichment of [U- 13 C 6 ]glucose and [2-13 C 1 ]glycerol. Large VLDL-apo B was precipitated using the method of Egusa et al. (39) . After protein hydrolysis in 6 N HCL, apo B amino acids were derivatized with MTBSTFA/acetonitrile and separated on a 30-m DB17 gas chromatography column. Positive fragments were measured under electron impact ionization (m/z: 200 and 203), and enrichments were calculated using a [5,5,5-2 H 3 ]leucine standard curve.
Calculations. Calculation of biosynthetic rates was done according to the precursor-product relationship (40) . VLDL-TG synthetic rate was calculated in 2 ways from the incorporation of [1,2,3,4-13 C 4 ]palmitate (40) . Fractional replacement (turnover) rates (K s ) were calculated by modeling the rise toward plateau enrichment of [1,2,3,4-13 C 4 ]palmitate into VLDL-TG. The data were fit to the equation y = A ∞ × [1-e -K s (t-c) ], where y = VLDL-TG palmitate enrichment, A = the plateau or asymptote value of TG palmitate, t = time in hours, and c = lag period before isotope incorporation into secreted VLDL-TG. In the same manner, VLDL particle fractional replacement rate (K s ) was calculated from the enrichment of [5,5,5-2 H 3 ]leucine in large VLDL-apo B. Half-lives were calculated by dividing 0.693 by K s (31) . Plasma volume was estimated as described by Grundy et al. (41) to account for the differences in plasma volume between subjects of different body weight.
The transport rate of total VLDL-TG was determined as follows: VLDL-TG transport rate (µmol • kg fat-free
The plasma apo B concentration in large VLDL was determined from the apo B concentration of VLDL after subfractionation. We corrected for dilution due to buffers added during the procedure, but recognize that subfractionation may result in inaccuracies of apo B pool size measurements. The transport rate of large VLDL-apo B was calculated as follows: Large VLDL-apo B transport rate (µmol • kg -1 h -1 ) = plasma concentration (µmol/mL) × plasma volume (mL) × K s (h -1 ) / total body weight (kg).
The clearance rate of a metabolite represents the amount of plasma completely cleared of the substance per minute and reflects its efficiency of removal (42) . At steady state, clearance was calculated as the ratio of transport or turnover rate to plasma concentration. Thus, to calculate the clearance rates of large VLDL-apo B and VLDL-TG (mL/min), their transport rates (µmol/min) were divided by their respective plasma concentrations (µmol/mL).
The sources of fatty acids used for the assembly of VLDL-TG were determined as follows. The proportion of VLDL-TG palmitate derived from circulating NEFA was calculated by dividing the enrichment of [1,2,3,4-13 C 4 ]palmitate in VLDL-TG at plateau by the steady-state enrichment of the plasma NEFA pool. The infusion of [1,2,3,4-13 C 4 ]palmitate was between 0400-1600 hours, and enrichment within plasma NEFA reached steady state within 1 hour after the start of the infusion (data not shown). The NEFA enrichment used was the average of at least 6 time points. In all subjects, VLDL-TG [1,2,3,4-13 C 4 ]palmitate enrichment reached a plateau by the 9th hour of label infusion, and the plateau value was determined from an average of at least the final 2 time points taken. (An example of the calculation for the data of a NL subject follows: the plateau of TG palmitate enrichment was 1.51% and the steady-state enrichment of plasma nonesterified palmitate was 1.55%. Therefore, 97.4% (1.51/1.55) of TG palmitate was derived from the plasma NEFA pool; Figure 2 ). The proportion of VLDL-TG palmitate derived from hepatic de novo lipogenesis (i.e., made "new" from acetyl-CoA precursors) was calculated by mass isotopomer distribution analysis. VLDL isolated from plasma drawn at 0800-0900 hours was used for this analysis in 6 subjects; de novo lipogenesis was also measured at 8 additional time points (0200, 0400, 0600, 1000, 1200, 1400, 1600, and 1700 hours) and found not to vary during the course of the infusion. Mass isotopomer distribution analysis allows calculation of the isotopic enrichment of the true biosynthetic precursor from the labeling pattern in a polymer, as has been described in detail previously (43) . The fractional contribution of gluconeogenesis to endogenous glucose production was determined from the incorporation of [2-13 C 1 ]glycerol into plasma glucose, using mass isotopomer distribution analysis to calculate the isotopic enrichment of the triosephosphate precursor pool (43) . The rate of endogenous glucose production was determined by the dilution of [U- 13 C 6 ]glucose (31) . The rate of adipose tissue lipolysis was calculated from the dilution of [1,2,3,4-13 C 4 ]palmitate and [2-13 C 1 ]glycerol in plasma (31) . Indirect calorimetry was used to measure energy expenditure using standard equations to determine net substrate oxidation, nonprotein respiratory quotient, and energy expenditure (44) . A fixed protein catabolism was assumed based on the daily protein intake of the prepared diets.
Statistics. Data are mean ± SEM. Statistical analyses were performed using SPSS statistical software (SPSS Inc., Chicago, Illinois, USA), with P < 0.05 considered significant. Variables whose values were not normally distributed (e.g., plasma TG concentration) were log-transformed before statistical analysis. The subjects were stratified by baseline TG values into 2 groups (NL: subjects with TG < 100 mg/dL; and HTG: those with TG = 100-200 mg/dL). To compare the 2 groups for change in response, analysis of covariance was performed to control for differences in baseline values. Measures of glucose flux were collected in a subset of subjects (3 NL and 3 HTG subjects); analysis of covariance was not performed on these data because the sample size was deemed too small. A P value for the overall treatment effect was also calculated from a paired t test of the entire group (n = 11).
Results

Analysis of diets and comparison of baseline values between NL
and HTG subjects. The study diets differed in their percentage of energy from fat, as well as in other characteristics (Table 1 ). In particular, compared with the control diet, the LF/HC diet contained 50% more fiber and 89% less cholesterol. The percentage distribution of carbohydrate as simple sugars (sucrose, fructose, glucose, lactose, and maltose) remained constant, although the absolute intake of simple sugars increased by 38% on the LF/HC diet. There was no difference in baseline intake between the NL and HTG subjects with respect to total energy intake or macronutrient composition of the diet (in grams per day or percentage of energy of fat, protein, or carbohydrate). All subjects tolerated the LF/HC diet well, aside from a common complaint of feeling overly full. The groups had significantly different baseline values for TG, total cholesterol, LDL cholesterol, VLDL cholesterol, and apo B (P < 0.05), with the HTG subjects having higher values for all of these variables ( Table 2) . HTG subjects tended to have lower concentrations of HDL cholesterol (P = 0.09) Plasma lipid and lipoprotein concentrations. The lipid responses to dietary fat reduction are shown in Table 2 . All subjects experienced significant elevations in fasting TG concentration on the LF/HC diet. Significant reductions in LDL, HDL cholesterol, and elevations in VLDL cholesterol were observed, with no group effect observed for any of these variables. The relative increase in TG was similar for both groups, when the TG values were logtransformed (12% for NL and 9% for HTG). On the control diet, plasma insulin concentration was borderline/significantly higher in the HTG subjects (52 ± 10 pmol/L) compared with the NL subjects (31 ± 5; P = 0.06); no treatment effect was observed for this variable. The fasting concentrations of apo A-I, glucose, and NEFA remained unchanged with LF/HC feeding, with no difference in response between the groups. In the HTG group only, fasting concentrations of apo B-100 and B-48 from the TG-rich lipoprotein fraction were measured. LF/HC feeding was associated with significant, 2-fold increases in both the apo B-100 and apo B-48 content of the TG-rich lipoprotein fraction (Figure 3) .
Fuel utilization. Measures of carbohydrate and fat metabolism are presented in Table 3 . The energy expenditure of the subjects was not significantly different between the dietary phases (averaging 12,100 kJ/d for all subjects combined). In a subset of subjects (3 from each group), glucose flux data were obtained and showed no effect of diet on glucose production or the sources of endogenous glucose production. The 2 groups did not respond differently to the diets with respect to fatty acid flux or glucose oxidation. For the group as a whole, glucose oxidation was nonsignificantly higher on the LF/HC diet (P = 0.09, for treatment effect). Whole-body fat oxidation was significantly lower for the entire group after the LF/HC diet (18% reduced; P = 0.02 for the treatment effect).
Lipoprotein kinetics. The dietary response of the subjects with respect to VLDL particle and TG transport is presented in Table 4 . Analysis of covariance revealed that the 2 groups responded differently with respect to large VLDL-apo B transport rate (P = 0.03), although neither of the P values for changes in the individual groups was significant (P < 0.13 and 0.31 for the control and HTG subjects, respectively); this was most likely due to the small sample size and high variability. Use of a different statistical comparison (comparing the means for the groups at a given time point) showed that at baseline, the apo B transport rates were not different between the groups (0.11 vs. 0.24 µmol • kg total body weight [TBW] -1 h -1 for the control vs. HTG, respectively; P = 0.31), whereas this difference approached significance after the LF/HC diet (0.13 vs. 0.32 µmol • kg TBW -1 h -1 ; P = 0.08). No group differences were observed for any of the other variables presented in Table 4 . For all subjects combined, the mass of large VLDL-apo B was significantly increased on the LF/HC diet (94% and 51% for the controls and HTG, respectively); the fractional replacement rate was nonsignificantly slower (P = 0.09), but clearance rate did not change. The concentration of TG in the large VLDL fraction was significantly increased in both groups on the LF/HC diet: 62% in the control and 75% in the HTG subjects (treatment effect for the entire group: P = 0.04). VLDL-TG transport rate was not different between the dietary phases (P = 0.58). By contrast, VLDL-TG fractional replacement rate (K s ) was reduced significantly on the LF/HC diet (P = 0.03). This slower fractional replacement rate was accompanied by a 37% reduction in the clearance rate of VLDL-TG (overall P = 0.05), with no significant difference in response between the groups.
Assembly of VLDL-TG: sources of fatty acids. The percentage of VLDL-TG derived from the plasma NEFA pool was determined from the relative enrichments of this pool during infusion of [1,2,3,4-13 C 4 ]palmitic acid. Representative data from 2 subjects are shown in Figure 2 . As demonstrated by the NL subject's data, more than 90% of palmitic acid found in VLDL-TG derived from the plasma NEFA pool at the end of the 12-hour infusion of label. By contrast, data from the HTG subject reveal that at steady state, about 72% of TG fatty acids were derived from NEFA. The contribution from de novo lipogenesis to palmitate in VLDL-TG was also measured. The summary data (Figure 4) show that de novo lipogenesis did not make a substantial contribution of fatty acids (<5%) to fasting TG on either diet, in either group. For NL subjects on both diets, plasma NEFA provided the primary source of palmitate in VLDL-TG (94% and 92% for the control and LF/HC, respectively). Compared with the NL subjects, the contribution of NEFA was significantly lower in the HTG subjects on both diets (84% and 67% from NEFA on the control and LF/HC diets, respectively). The total percentage of VLDL-TG accounted for by the sum from NEFA and de novo lipogenesis was similar in the NL subjects, regardless of diet (97%). In the HTG subjects, the total accounted for on the control diet was 87% (84% from NEFA, and 3% from de novo lipogenesis), which was significantly less than that of the NL group (P = 0.02). This difference became greater after the LF/HC diet, when the total accounted for by NEFA plus de novo lipogenesis dropped to 71% in the HTG (compared with 97% in NL subjects; P = 0.004 between groups). Within the HTG group alone, LF/HC feeding significantly reduced the percentage of VLDL-TG palmitate accounted for by fatty acid inputs (87% vs. 71% on the control and LF/HC diets, respectively; P = 0.04). A significant negative correlation was observed between the percentage of VLDL-TG palmitate derived from the plasma NEFA pool and the body fat percentage in subjects consuming a 35% fat diet (r = -0.70, P < 0.01; data not shown). This relationship was similar, although not statistically significant (r = -0.55, P = 0.07), after consumption of the LF/HC diet.
Discussion
Fasting TG concentrations increased by 60% in subjects consuming the solid-food, high-fiber, LF/HC diet. These results underscore the ability of LF/HC diets to elevate fasting plasma TG even when the diet is composed of whole foods and is low in simple sugars. Increased secretion of TG was not the primary kinetic mechanism responsible for this carbohydrate-induced TG elevation, however; reduced TG clearance from the plasma was the major metabolic mechanism involved. This conclusion reveals a difference in the underlying mechanism from hypertriglyceridemia observed on higher-fat diets. Although lipoprotein kinetic studies are frequently limited in their ability to discern between primary effects on overproduction or reduced clearance of TG, the latter mechanism is supported by several independent measurements. First, the transport rate of VLDL-TG (as assessed by the kinetics of TG palmitate) was not increased on the LF/HC diet. Second, the half-life of VLDL-TG was prolonged, and the clearance of VLDL-TG was significantly reduced. Third, fasting apo B-48 concentrations were elevated. Finally, de novo lipogenesis was not increased.
Previous studies comparing TG secretion in NL individuals with that in those with endogenous hypertriglyceridemia consuming high-fat diets have reported significantly higher rates (11) (12) (13) (14) (15) . In the present study, the TG secretion rate of HTG subjects was 2.7-fold higher than that of the NL subjects on the higher-fat diet. In contrast, carbohydrate-induced elevations in TG were explained by reduced clearance of VLDL-TG rather than increased pro- duction. The reduction in TG clearance during LF/HC feeding observed here differs from some previous reports of elevated TG production in carbohydrate-induced hypertriglyceridemia (12, 19, 27) . However, we fed a whole-food, high-fiber diet, whereas those previous LF/HC research diets were of liquid form and/or high in mono-and disaccharides (12, 19, 27) . Hudgins et al. (45) have recently shown that the form of carbohydrate (simple sugar vs. starch) markedly influences fatty acid synthesis (de novo lipogenesis; see later here). The form of carbohydrate might also influence TG production. Reduced VLDL-TG clearance may be due to competition between VLDL and chylomicron remnants for TG hydrolysis in the plasma compartment, as fasting apo B-48 concentrations were elevated in the HTG subjects. Other possible causes of reduced VLDL-TG clearance can be proposed (46) (47) (48) . The mechanisms responsible for reduced VLDL-TG clearance on LF/HC diets need further study. A second goal of this work was to determine whether dietary fat reduction altered the assembly of VLDL-TG, in particular the sources of fatty acids used for TG synthesis. In the NL subjects, NEFA provided more than 93% of the fatty acids secreted in VLDL-TG by the liver, and the contribution of this source was unchanged by dietary fat reduction. The synthesis of fatty acids de novo contributed less than 5% of VLDL-TG palmitate, even on the LF/HC diet, excluding hepatic de novo lipogenesis as a basis for increased TG secretion (24) . Compared with the NL group, HTG subjects consuming the control diet had significantly lower percentages of TG palmitate derived from plasma NEFA (84%), with newly synthesized fatty acids accounting for less than 3% of VLDL-TG palmitate. Thus, 13% of fatty acid precursors for TG synthesis were derived from neither NEFA nor de novo lipogenesis. The percentage of TG precursors not accounted for by either isotopic labeling route became even greater when HTG subjects consumed the LF/HC diet (29% of VLDL-TG palmitate remaining unaccounted for). Several years ago, Barter and Nestel reported that a substantial percentage of VLDL fatty acids were not derived from NEFA in obese individuals (49). Havel et al. (50) and Boberg et al. (24) also showed that for some HTG subjects, splanchnic NEFA uptake did not explain higher TG secretion rates and that other sources must have provided the precursors for TG synthesis. Furthermore, elevated BMI correlates with lower contributions of plasma NEFA to VLDL-lipid (49) . A similar inverse relationship between body fat percentage and plasma NEFA contribution to TG synthesis was observed in the present study on the control diet.
One source of unlabeled TG fatty acids in HTG subjects could be splanchnic lipid, from hepatic or visceral sources (20) , as peripheral blood NEFA enrichments are used in the calculation (Figure 2 ). Obese subjects have increased liver TG content (51, 52). Havel et al. (50) observed that about two thirds of the NEFA taken up by the HTG liver escaped oxidation and were apparently stored, with only one third of the NEFA being secreted as TG. This process could lead to the slow turnover of hepatic TG droplets in HTG subjects. In the present study, a contribution from unlabeled hepatic lipid stores to TG synthesis may be less likely, because the subjects had been fasted for 24 hours by the end of the infusion test, which should substantially reduce hepatic lipid stores. Visceral adipose stores are also a potential source of fatty acids for TG assembly. This adipose depot is metabolically active (53, 54) and is an important predictor of abnormal plasma lipoprotein concentrations (55) . Furthermore, individuals with upper body obesity have elevated VLDL-TG production rates (41, 56, 57) . Visceral fatty acid sources could have contributed to the unlabeled VLDL-TG observed in the HTG subjects on the control diet (Figure 4 ), but an increase in their contribution on the LF/HC diet is less likely, as we and others (e.g., 58) found no change in body composition on the LF/HC diet.
Finally, an interesting potential source of unlabeled lipid for TG assembly on the LF/HC diet is chylomicron remnants cleared to the liver. In rats, chylomicron remnants contain approximately 50% of their original TG when cleared to the liver (59, 60) . Very little is known about this process in humans. The 2-fold elevation in fasting apo B-48 concentrations observed in the HTG subjects after the LF/HC diet suggests that chylomicron remnants might provide a significant source of VLDL-TG fatty acids in the fasting state. The increased presence of B-48-containing TG-rich lipoproteins was surprising, given that the blood draw for this measurement occurred after the subjects had fasted 15 hours and that the last meal they consumed contained very little fat (15% of energy). However, Karpe et al. (61) have shown that the chylomicron remnant pool contains lipoprotein populations that are heterogeneous. One population may have a very short half-life (<15 minutes), whereas others may circulate for much longer periods. The elevation in fasting apo B-48 associated with LF/HC feeding could have resulted from alterations in the intestinal secretion pattern of chylomicrons, such that more particles were secreted in the fasting state or that a subpopulation of the chylomicrons secreted postprandially circulated for a longer time. This result requires further investigation.
Another somewhat surprising result was the role of de novo lipogenesis in the response to the LF/HC diet. In the present study, the proportion of fatty acids synthesized de novo was extremely low, contrary to the results of our previous collaborative study with Hudgins et al. (27) . Because the 2 investigations were similar with respect to duration of the high-carbohydrate diet, baseline TG concentrations of the subjects, the magnitude of TG responses to the diets, and the protocols used for infusion of labeled acetate, the most likely explanation for the difference between the 2 studies is the composition of the LF/HC diets administered. The liquid diet, high in simple sugars, that was used previously (27) might be more lipogenic than the present whole-food, LF/HC diet. In a subsequent study, Hudgins et al. (45) reported that consumption of longer-chain dietary carbohydrates, compared with shortchain glucose polymers and simple sugars, reduced the lipogenic response to low-fat feeding (45) .
Subjects in this study received only 1 week of the prepared high-fat diet. A crossover design, with each diet fed for 5 weeks, would have been ideal but would have made subject compliance more difficult. Moreover, we took a number of precautions, including the use of 3 methods to assess baseline food intake, avoidance of screening over holidays or vacations, and the use of several screening visits for assessment of the subjects' background diets. With the baseline intake so well documented, we therefore consider it likely that the baseline research diet, containing 35% fat, was similar to the subjects' background diets.
In conclusion, carbohydrate-induced TG elevations occurred in both NL and HTG subjects switched from a higher-fat diet (35%) to a 15% fat, whole-food diet. The elevations in fasting TG concentration can be explained kinetically by reduced clearance of VLDL-TG concurrent with elevations in fasting chylomicron remnant concentrations in the HTG subjects. Production of plasma VLDL-TG was higher in HTG subjects compared with NL subjects on the higher-fat diet, but was not increased by the LF/HC diet, and fasting de novo lipogenesis remained low (<5% of VLDL-TG fatty acids, even on the LF/HC diet). The lack of stimulation of de novo lipogenesis with a whole-food, complex carbohydrate diet is in contrast to observations with simple sugars in the diet (45) . This disparity has relevance to the current increase in consumption of commercially available low-fat foods, in that some LF/HC diets may be more lipogenic than others. In the present study, sources other than NEFA and de novo lipogenesis contributed significantly to VLDL-TG assembly in HTG subjects, and these sources contributed even more when HTG subjects consumed the LF/HC diet. The assembly, production, and clearance of elevated plasma VLDL-TG in response to the LF/HC diet differed from that associated with the elevated TG on the higher-fat diet. Caution should be used in extrapolating our findings to individuals with frank hypertriglyceridemia (TG > 300 mg/dL), because our subjects were recruited to have moderate elevations in baseline TG concentration (100-200 mg/dL). The results presented here, however, have potential public health significance, as this moderate degree of hypertriglyceridemia is highly prevalent in the population (62) .
